To gain more insight into the role of chromosomal instability (CIN), the cytogenetic hallmark of most solid tumors, we performed fluorescence in situ hybridization (FISH) on interphase nuclei of cytological specimens enabling the correct detection of chromosome copies in intact tumor cells of 18 well (G1), moderately (G2), or poorly (G3) differentiated hepatocellular carcinomas (HCCs). A close correlation between the morphological dedifferentiation and increasing copy numbers and variation of FISH signals was seen for chromosomes 1 and 8, respectively (P < 0.0002). Four HCC G1 had constant chromosome patterns for chromosomes 1 and͞or 8 with a mean of signals per nucleus <5.08 and <3 different signal combinations, indicating a low level of CIN, as confirmed by FISH using probes for centromeres of chromosomes 3, 7, and 17. In contrast to this, five HCC G2-3 revealed >8.46 signals per nucleus and 23-41 different signal combinations, indicating high levels of CIN. In the remaining cases, signal counts from 5.96 -8.46 and 7-15 combinations were seen. Here, nuclei with constant aberration patterns and low copy numbers occurred alongside nuclei with inconstant patterns and high copy numbers. It is evident that in these cases a transition from well to moderately differentiated HCC developed in parallel to an increase in CIN, possibly induced by a major dysregulation of mitotic control mechanisms. In conclusion, CIN may induce a stepwise increase of aneuploidy in HCC that is mirrored by the morphological dedifferentiation of tumor cells.
M
ost solid tumors are characterized by complex chromosome rearrangements (1, 2) . These aneuploidies are believed to develop because of an increased chromosomal instability (CIN). This form of instability has been defined as an increased rate of chromosome aberrations, in contrast to microsatellite instability, which induces alterations of DNA repeat sequences but no changes in chromosome number or structure (3, 4) . CIN is associated with aggressive tumor behavior and poor prognosis (5) . Although there are some clues that CIN may be caused by exposure to various carcinogens (6) , the mechanisms leading to CIN and subsequent aneuploidy are still poorly understood (7) .
Whether CIN is a primary or a secondary event in tumor development is currently a subject of controversial discussion (8, 9) . Experiments to elucidate this question are based mainly on the evaluation of cell lines. However, interpretation of these results may be hampered by the fact that an increased CIN may be induced by prolonged culture passages in vitro.
To overcome these problems, we chose hepatocellular carcinoma (HCC) as a suitable model to investigate CIN. HCC is one of the most significant tumors worldwide, leading to more than 250,000 deaths per year (10) , with hepatitis B and C and the ingestion of aflatoxins or ethanol as the main etiological factors (11) . Recurrent chromosomal imbalances of HCC are gains of 1q, 8q, 17q, and 20q as well as losses of 4q, 8p, 13q, 16q, and 17p (12) (13) (14) (15) . In Ͼ90% of HCC, chromosomal aberrations can be detected by using centromere-specific probes for chromosomes 1 and 8, indicating a significant role of CIN in the development of HCC (15) .
Because only limited information on CIN can be obtained by using techniques that pool DNA, such as comparative genomic hybridization, we performed molecular cytogenetic analysis with fluorescence in situ hybridization (FISH) on cytological specimens from primary HCC. The advantage of this methodological approach is that cells with preserved morphology can be studied, and therefore the exact copy number of defined chromosomes can be determined on the single cell level (15) .
Using this technique, we demonstrated that (i) there was a close correlation between the morphological dedifferentiation and increase and variability in copy numbers of defined chromosomes, (ii) there was no correlation between this CIN and the diameter of the tumors, and (iii) within certain tumors, there was a heterogeneity of tumor cells regarding both the morphology and the degree of CIN.
Materials and Methods
Fine needle aspirates were taken from 18 patients with HCC treated at Hannover Medical School (clinical data given in Table  1 ). Aspirations were performed with needles of 0.7-mm diameter with ultrasound control (16) . Morphological evaluation on MayGrünwald-Giemsa-stained smears according to Ishak et al. (17) revealed seven well, eight moderate, and three moderate-topoorly differentiated HCCs.
FISH experiments were carried out simultaneously with probes for the centromeres of chromosomes 1 and 8 in all 18 patients and in a second experiment with a mixture of probes for centromeres of chromosomes 3, 7, and 17 in 6 patients from whom more than one smear was available (centromere probes 1, 3, 7, 8, and 17, Abbott, Wiesbaden, Germany). Pepsin digestion (99 ml of distilled water, 1 ml of 1 M HCl, and 5 mg of pepsin) for 3 min at room temperature was followed by washing for 1 min in distilled water and incubation for 10 min in paraformaldehyde (1.5%). After washing for 1 min in distilled water and drying the slides, 0.5 l of chromosome 1 and 8 probes or of chromosome 3, 7, and 8 probes in 10 l of hybridization buffer (Abbott) was pipetted onto the slide, placed under a glass coverslip, sealed with rubber cement, heated to 80°C for 10 min, and incubated overnight at 37°C in a humidified chamber. The coverslip was removed, and the slides were washed twice in 0.4ϫ SSC, 0.3% Igepal at 75°C for 2 min. Counterstaining was done with 5 l of 4Ј,6-diamidino-2-phenylindole (40 ng͞ml) (Qiagen, Heidelberg, Germany).
Evaluation of signals was carried out by using an epifluorescence microscope (Axioskop, Zeiss) equipped with filters specific for f luorescein, Cy3, aqua blue, or 4Ј,6-diamidino-2-phenylindole and a 100-W mercury lamp. In each tumor, 50 nuclei were evaluated and documented with the ISIS software package (Metasystems, Altlussheim, Germany).
To determine the cut-off levels for the detection of numerical chromosomal aberrations by using centromere-specific probes for chromosomes 1, 3, 7, 8, and 17, 2,000 peripheral blood lymphocytes (i.e., 400 cells each from five healthy donors with normal karyotypes) and 2,000 normal hepatocytes from liver cell aspirates of five patients with regenerative nodules and͞or fatty changes were analyzed. According to Ward et al. (18) , the thresholds for gains and losses of the respective chromosomes were calculated as the mean ϩ 3SD.
Results
Determination of Cut-Off Levels. Analysis of 2,000 cells from peripheral blood lymphocytes from healthy donors with centromere-specific probes for chromosomes 1, 3, 7, 8 , and 17 showed one signal in 2.25-3.10% of the cells (SD 1.08-1.74%) and three or more signals in 0.35 and 1.20% of cells (SD 0.29-0.78%).
Thus, the cut-off levels (mean ϩ 3SD) were determined as 6.15-7.48% for losses and 1.21-3.14% for gains.
Analysis of 2,000 normal hepatocytes from five liver aspirates with the probes mentioned above showed one signal in 2.40-3.20% of the cells (SD 0.63-1.55%) and three or more signals in 1.3-1.65% of the cells (SD 0.29-0.57%). The cut-off levels (mean ϩ 3SD) were determined as 4.28-7.84% for losses and 2.41-3.26% for gains. The detailed findings are given in Table 2 . The percentage of tetrasomic cells, as indicated by four signals each for chromosomes 1 and 8 or by four signals each for chromosomes 3, 7, and 17, in the same cell was Ͻ1.75%.
HCC. FISH analysis on cytological smears by using centromerespecific probes for chromosomes 1 and 8 ( Fig. 1a-c) showed that all tumors were aneuploid. The mean number of signals per nucleus for chromosome 1 varied between 2 and 7.76 (range: 2-21, SD 0-3.49) ( Table 3) The maximum range of signals within a single case was seen for chromosome 1 in case T411-03 G2 with 3-21 signals. For chromosome 8, the maximum range was detected in case T6265-02 G2-3 with 3-25 signals. Regarding both chromosomes, the maximum range with 7-40 signals was seen in the same sample.
The modal number of chromosome copies for chromosome 1 varied from 2 to 7 and for chromosome 8 from 1 to 12 (Table 4) . The percentage of nuclei not displaying the modal number, defined as CIN index by Nakamura et al. (19) , ranged from 0% to 78% for chromosome 1 and from 0% to 84% for chromosome 8. The number of different chromosome combinations had the lowest value of 1 in case T408-03 G1 with all nuclei displaying two signals for chromosome 1 and three signals for chromosome 8. The highest value occurred in case T6265-02 G2-3 with 41 different combinations of signal copies (Fig. 2) .
Grouping HCCs with regard to their cytogenetic patterns showed that five samples had a constant chromosome pattern with a mean of signals per cell not exceeding 5.10 and an SD below 0.75, a modal signal number of a maximum of 3, a CIN index of 0-16, and a number of different chromosome combinations from 1 to 3. Four of these samples represented well differentiated HCC (T408-03, T10339-02, T9230-02, and T7795-02). Case T698-03 was an exception in that it was a high-grade G3 tumor. However, two of the signals for chromosome 8 were clearly smaller than the third signal, pointing to a structural alteration involving the centromeric region of chromosome 8 (Fig. 1c) . Up to 20 of these signals per nucleus were seen in cases T58-03 and T6265-03. In contrast, cases T1600-03, T5329-02, T58-03, T411-03, and T6265-02 had mean signal counts higher than 8.46 signals per cell and an SD of Ͼ3.89. High variability of signals in these cases was also indicated by modal numbers of 2-12, a CIN index of at least 58, and a number of different chromosome combinations from 23 to 41. In the remaining eight HCCs, the mean number of chromosomes ranged from 5.86 to 7.94 with an SD from 1.01 to 2.28, a modal number of 2-5, a CIN index from 42 to 74, and variant chromosome combinations from 7 to 15. These HCCs demonstrated nuclei with constant aberration patterns occurring alongside nuclei with inconstant aberrations even in the same pseudoacini (Fig. 1b) .
In six of these patients, more than one smear was available to perform additional hybridization experiments. To rule out the possibility that using a different probe set may have changed the CIN index, these six HCCs were also analyzed with centromere- Cases are listed in order of increasing SD for chromosomes 1 and 8 combined. Comparing this SD with the morphological grading leads to the most significant correlation of all parameters analyzed (P Ͻ 0.0002, Mann-Whitney test). Three groups of cases with low and high levels of CIN and an intermediate group according to the criteria defined in the text are separated by a space. *Cases also studied by using centromere-specific probes for chromosomes 3, 7, and 17.
specific probes for chromosomes 3, 7, and 17. These six HCCs comprised two well differentiated HCCs (T408-03 G1 and T9230-02 G1) of the group with a low CIN, three moderately differentiated HCCs with an intermediate CIN (T8542-03 G1, and T7361-03 G1, T154-03 G2), and one moderately differentiated HCC (T58-03 G2) with a high CIN, as determined by analysis of chromosomes 1 and 8. In the experiments analyzing chromosomes 3, 7, and 17, the mean number of signals per nucleus varied between 2.00 and 5.88 (SD 0.00-1.95), the maximum ranged between 3 and 11 signals per nucleus, the modal number of signals was between 2 and 6, the CIN index varied from 0 to 70, and the number of different signal combinations per cell ranged between 1 and 38. Detailed findings are given in Table 5 .
Comparing the results for chromosomes 3, 7, and 17 with those obtained for chromosomes 1 and 8 demonstrated that the two well differentiated HCCs G1 (T408-03 G1 and T9230-02 G1), grouped into HCCs with low levels of CIN according to the FISH studies using probes for chromosomes 1 and 8, showed the lowest mean number of signals for chromosomes 3, 7, and 17, the lowest number of cells with aberrant signal constellations, and the lowest number of signal variations. Accordingly, the moderately differentiated HCC T58-03 G2, grouped into HCCs with high levels of CIN according to the FISH studies using probes for chromosomes 1 and 8, showed the highest mean number of signals for chromosomes 3, 7, and 17, the highest number of cells with aberrant signal constellations, and the highest number of signal variations. The values of the three HCCs (T8542-02 G1, T7361-02 G1, and T1541-03 G2) that grouped into HCCs with intermediate levels of CIN when probes for chromosomes 1 and 8 were used also showed intermediate levels of CIN when probes for chromosomes 3, 7, and 17 were used. Thus, the finding that dedifferentiation of HCC is paralleled by increasing levels of CIN, obtained by FISH using probes for chromosomes 1 and 8, was totally confirmed by using probes for additional chromosomes.
Moreover, in the HCC with intermediate levels of CIN we again observed cells with constant signal constellations alongside cells with variable signal numbers.
Statistical Analysis.
Comparing the added mean number of signals for chromosomes 1 and 8 of the group of HCC G1 to those of the group of HCC G2-3 revealed a statistically significant difference (P Ͻ 0.0014, Mann-Whitney test). This significance was even higher when comparing the SD for the added values of chromosomes 1 and 8 with the morphology (P Ͻ 0.0002). A lower T408-03 G1*  2  0  3  0  1  T10339-02 G1  3  2  2  2  2  T9230-02 G1*  2  2  3  2  2  T698-03 G3  2  4  3  2  3  T7795-02 G1  3  0  1  16  3   T8542-02 G1*  3  42  3  50 (18), whereas the number of different chromosome combinations indicates the number of subclones detectable in the tumor cell populations. The cases are listed in the same order as in Table 2 . *Cases also studied by using centromere-specific probes for chromosomes 3, 7, and 17. Statistical analysis also confirmed significant correlations between the results obtained for chromosomes 1 and 8 and the findings for chromosomes 3, 7, and 17. Here, the Spearman rank correlation test revealed a significant correlation between the number of signals (P Ͻ 0.019), the SD of the signals (P Ͻ 0.042), and the number of different signal combinations (P Ͻ 0.019).
No correlations were seen between any of these values and the clinical data, including sex, age, serological status, and, in particular, the tumor size.
Discussion
Based on the advantages of FISH analysis of cytological specimens of primary HCC, three main observations were made in this study.
First, there was a close correlation between the morphological dedifferentiation and increase in copy numbers as well as variation of FISH signals for chromosomes 1 and 8, as confirmed by results of additional hybridization for chromosomes 3, 7, and 17. Thus, dedifferentiation in HCC is accompanied by an increasing CIN, as described in other malignant neoplasias such as follicular lymphoma (20) or chronic lymphocytic leukemia (21) . The term CIN is used, although the FISH approach did not directly measure an increased rate of aberrations but evaluated the status of chromosomal imbalances at a given point of time only. However, the chromosomal heterogeneity observed in the cells may serve as a good indicator for CIN.
Second, there was no correlation between CIN and the diameter of the tumors. Well differentiated HCC with constant chromosome patterns can build up small as well as large tumor nodes with a diameter of up to 160 mm. Vice versa, moderateto-low differentiated HCC can be found in large as well as in small tumors of 14 mm. Thus, well differentiated HCC may be able to grow for longer times, conserving distinct patterns of chromosomal abnormalities. An increased CIN may also occur within moderate or low differentiated HCC at an early stage of tumor development.
Third, within certain tumors, there was a heterogeneity of tumor cells regarding both the morphology and the degree of CIN. In these specimens, nuclei with constant aberration patterns occurred next to nuclei with inconstant aberrations even in the same pseudoacini. It is evident that in these cases a transition from well to moderately differentiated HCC developed in parallel to a cytogenetic change from constant to inconstant aberration pattern. Remarkably, the progression from well to less differentiated HCC is seen in the majority of cases in our study. Similar findings have been reported in histological specimens with dedifferentiation of well differentiated HCC in Ϸ50% of cases (22) and in 75% of patients within 7-34 months being reported in a follow-up study (23) .
However, this progression does not seem to be an obligatory event. As has been shown, well differentiated HCC can grow to tumors of a large size under preserved cytogenetic stability. This observation argues against an increasing aneuploidy as a kind of autocatalytic process as described in colon carcinoma cell lines (24) , at least in tumors with low-level CIN. Nevertheless, once the tumor cells gain a higher level of CIN, aneuploidy seems to increase more and more, probably indicating a growth advantage in a Darwinian sense (25) . This stepwise increase of CIN seems to be more concordant with alterations of distinct proteins involved in mitotic mechanisms described exemplarily in colon carcinoma by Lengauer and coworkers (3, 4, 26) .
Candidate proteins important in these mechanisms are speculative at this point. As examples, securin (pituitary tumor transforming gene), hBUB1, and MAD2 involved in chromatid attachment and segregation (27) (28) (29) , Hec1 acting with Mad1͞ Mad2 at the kinetochore (30) , and CDK2 involved in duplication of centrosomes (31) may be discussed. Integrity of chromosomes is also influenced by genes such as ATM (32) and CHK2 (33) , closely controlling DNA integrity in the interphase, as also done by the p53 DNA damage checkpoint playing a key role at the end of the G 2 phase (34).
In conclusion, CIN leads to a stepwise increase of aneuploidy in HCC reflected in particular by morphological dedifferentiation of tumor cells. The progression from well differentiated HCC to moderately or low differentiated HCC seems to be induced by a major dysregulation of mitotic control, leading to increasing aneuploidy. , SD (singly and combined), modal number, CIN, and number of different chromosome combinations for chromosomes  3, 7, 
